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ABSTRACT 
/ 3 ~ Y L  

Digital computations of droplet steady-state temperatures and droplet 

and temperature histories were made to determine if droplet tempera- 

tures could approach the critical point. 

vestigated. At sufficiently high pressure, the calculations showed both 

heptane and oxygen droplets heating to their respective critical ternpera- 

tures, 

downstream distance after injection and the mass evaporated before the 

droplets reached the critical point. This implied that a vaporization 

model m y  be inadequate in describing overall conibuskion rates at high to- 

tal pressures, Rapid droplet heating rates indicated that droplets could 

approach the critical point during combustion instability at high pres- 

sures- This phenomenon could thus be involved in a mechanism for hfgh- 

pres sure combust ion instability. 

Pressures to 2000 psia were in- 

With increasing total pressure, a reduction occurred in both the 

SUNMARY 

Droplet equilibrium temperatures and histories of droplet temperatures, 

evaporation rates, and trajectories at rocket-comhstor conditions were 

computed to determine the conditions required for heptane and oxygen drop- 

lets to attain their critical temperatures. At sufficiently high total gas 

a 

(THRUI 
8 

(ACCESSION NUMBER1 : 77 'Aero-Space Technologist 
c - (CODE1 (PAGES) 
d - 
2 3 2  

(NASA CR OR TMX OR A D  NUMBER) (CATEGORY) 



- 2 -  

pressures, solutions of droplet equilibrium temperatures could not be 05- 

tained, and calculated h is tor ies  at these high pressures showed droplets 

heating t o  the c r i t i c a l  point, 

es tabl ish droplet thermal equilibrium offered an explanation f o r  the  

trends i n  the computed droplet steady-state temperatures and i l l u s t r a t ed  

the  process by which droplets a t ta in  the  c r i t i c a l  point. 

h i s tor ies  a t  high gas pressures, as l i t t l e  as 1/2 percent of the i n i t i a l  

mass of an oxygen droplet was vaporized before the droplet reached the  

c r i t i c a l  point, whereas a t  lower pressures a l l  of the droplet mass w a s  

evaporated i n  the vaporization process without the droplet achieving the 

c r i t i c a l  point, 

zation model may not be val id  fo r  use i n  the design of high-pressure 

rocket cordbustors, 

a t  high pressures indicated tha t  the pressure perturbations o r  gas ve- 

l o c i t y  perturbations, which are associated with combustion ins tab i l i ty ,  

could cause temperatures of a l l  but the largest  droplets t o  approach the 

c r i t i c a l  point. 

vapor fo r  diffusion in to  the bulk gas stream and should be considered i n  

any high-pressure coIfbustion-instability mechanism. 

zation ra tes  a l so  appeared t o  be potentially sensi t ive t o  s m a l l  pressure 

perturbations and could be important i n  the i n i t i a t i o n  of combustion in- 

s t ab i l i t y .  

Considerations of t he  physical ra tes  t ha t  

In  droplet 

The resu l t s  of the  computations indicated tha t  the  vapori- 

Application of the resu l t s  t o  conibustion in s t ab i l f ty  

This phenomenon could cause the formation of masses of 

Liquid oxygen vapori- 

IEJTRODUCTION 
on 

In  the operating of a liquid-propellant rocket engine, the  rate-  

controll ing process has been shown, in many cases, t o  be the vaporization 
c 
x 
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of propellant droplets formed soon after injection (ref. 1)- The evapora- 

tion process includes a period in which the droplet is heated from fts in- 

jection temperature to a steady-state (equilibrium) temperature that is 

characterized by the transformation of all heat reaching the drpplet sur- 

face into latent heat of vaporization with no further contributfon to 

sensible heating of the liquid, The initial heating period has been shown 

to be an appreciable part of droplet life (e.g,, refs, 2 to 5 ) -  

studies also indicate that the droplet equilibrium temperature increases 

These 

with increasing gas temperature and pressure and perhaps approaches the 

critical temperature of the liquid, 

This report presents calculations of steady-state temperatures and 

temperature, massp and trajectory histories of droplets in high-pressure 

and high-temperature environments, The calculations were made to determfne 

under what conditions the critical point is reached by vaporizing drops, 

Mass transfer above critical. conditions cannot be calculated because of 

the lack of theory for this region. Thus, an upper limit on the regime 

in which the present vaporization theory may be applied is defined herein, 

- The propellants studied were liquid heptane and liquid oxygen, The 

boundary conditions for the calculations were representative of those oc- 

curring in the high-intensity combustion fields that exist in rocket engines. 

Total gas pressures up to 2000 psi were investigated. .The results of the 

calculations are presented graphically, Calculated temperatures show that 

the droplets approach the critical condition before vaporization is COD- 

pleted, The significance of this phenomenon to combustor design and to 

conibustion-instability mechanisms is discussed. 
6- 
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THEORY 

A detailed theoretical analysis of heat transfer to the surface of an 

evaporating droplet maybe found in references 2 and 4. 

contain detailed derivations of the equations used for the calculations 

References 4 and 6 

reported herein. Accordingly, only a brief description of the droplet 

model with the final equations is presented, 

The droplet is surrounded by a vapor film. Heat transferred into this 

film fromthe high-temperature environment serves to superheat the exuding 

vapor and to provide a heat flux at the liqufd surface of the droplet, 

This surface heat flux raises the droplet temperature and provides enthalpy 

for vaporization, The assumption of effectively infinite liquid thermal 

conductivity is made implying existence of a uniform droplet temperature, 

The assumption is based on rapid internal circulation within the droplet. 

Reference 3 shows evidence for this circulation. A heat balance around 

the drop leads to the following expression for the rate of change of drop- 

let temperature with time: 

where 

DpLcp,v 'T r ( 'T \1 / Z  + 0,6 S~l/~Rel/'\ 
kmE % iPT - %/J ( 2  + 0 , 6  Pr1/3Re1/2/ 

The mass evaporation rate in reference 4 can be related to the rate of change 

z =  - In_ 

of radius with time, if the droplet is assumed to be spherical: 

c 
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E a t  = (12.5564pLr2 $ + 4.1888r3 5) at 

= 6,2832 - DpLr 2 b(pTpT pL)] (. + 0.6 S C ~ / ~ R ~ ~ / )  (') 
Tm 

Consideration of the aerodynamic forces on a l iquid sphere and use of an 

empirical expression for  drag coefficient gives the  following equation f o r  

droplet acceleration i n  the  combustor: 

0 1 6  0 84 

1.84 P- I' 

(v  - ua) 1-16 - =  5,656 
d-k 

Finally, t h e  combustion gas velocity i s  assumed t o  be proportional t o  the 

t o t a l  amount of mass evaporated fromthe drop: 

u = U F ( l  - w/wo) (4 )  

These equations were used t o  calculate vaporization h is tor ies  fo r  a drop- 

l e t  i n  rocket-engine conditions, The heptane calculations E r e  made by 

solving equation ( 2 )  fo r  and by using the resul t ing expression t o  

describe the mass-transfer rate. Later modifications u t i l i zed  dW/dt i n  

t he  oxygen calculations, 

dr /d t  

The major variables investigated were b o p  s i z e s  of 10, 100, and 

io00 microns and gas pressures from 100 t o  2000 psia, 

t i on  h is tor ies  have previously been computed fo r  rocket-engine conditions, 

(e*g*, refs,, 6 and 7 ) ,  chaniber pressures did not exceed 600 psia. 

remaining conditions used t o  specify the rocket combustor were: 

Although vaporiza- 

The 

f i n a l  

Q@ ---l vcluci ty ,  - - 800 f t l s e c j  gas temperature, 5000' R; droplet inject ion 

velocity, 80 f t / s ec j  droplet injection temperatures, 650° R f o r  heptane 

and 140' R fo r  l iquid oyygen, r 
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The steady-state condition can be calculated by setting equation (1) , 
which describes droplet heating, equal to zero, (as in ref. 4)- The 

sult is the following equation for droplet equilibrium tewerature: 

re- 

(5)  

Thus, the equilibrium temperature is dependent on the gas temperature and 

pressure, the pphysical properties that can be a function of both the 

liquid temperature and gas conditions, and the product of the drop size 

and the drop velocity relative to the gas, included in the Reynolds 

nurnber, 

cessary, Boundary conditions for this calculation included gas pressmes 

from 50 to 1000 psia, gas temperatures from 4000' to 6000' R, W Reynolds 

nunibers f r o m  zero to infinity, 

For this reason a trial-and-error solution of the equation was ne- 

a d  

Solution of the droplet-history and equilibrium-temperature equations 

The was performed on the Lewis Research Center IBM 7090 digital computer, 

mass (or radius), temperature, and drop velocity of the vaporization- 

history equations were obtained by use of the Runge-Kutta integration 

techniqud, 

directly at each trial mlue of the above three variables, 

each history computation occurred when either the liquid temperature ex- 

e 
The gas velocity and all physical properties were calculated 

Termination of 

ceeded the critical temperature or 96 percent of the initial droplet mass 

was evaporated. 

differentials become unbounded as drop radius aFprm.cklec zerc- 

this program was made by running a case specified in reference 6, 

The latter end point was arbitrarily chosen because the 

A check of 

A 

6 
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comparison with the  results of tha t  reference shoved sat isfactory agree- 

ment. A program t h a t  involves canverging t r i a l s  with equation (5) gave 

the equilibrium temperature t o  the  nearest hundredth degree, 

The physical properties were calculated i n  subroutines for  flexi- 

b i l i t y ,  The density, heat of vaporization, and vapor pressure of  t he  

l iqu id  w e r e  obtained d i r ec t ly  from data of reference 8 for  heptane and 

references 9 t o  13 f o r  oxygen, 

summrized i n  the  appendix of reference 6 i n  the  form of l inear  and 

quadratic equations, and the  relations f o r  calculation of mean property 

values are a l so  described, 

equations f o r  the  specif ic  heat, thernral conductivity, dfffusivity, and 

viscosi ty  of  water vapor, The gas w a s  t reated as a polar molecule, and 

the  methods i n  reference 14 with some corrected tables  and calculations 

from reference 15 w e r e  employed t o  calculate these physical properties., 

Equations were f i t t e d  t o  the resul ts  and are  l i s t e d  i n  appendix A, 

Most of the other physical properties are 

However, it w a s  necessary t o  determine new 

RESULTS AND DISCUSSION 

I n i t i a l  calculation of some vaporization h is tor ies  showed t h a t  the  

droplet temperature did not a t t a i n  equilibrium a t  high pressure but  instead 

continued r i s i n g  t o  the  c r i t i c a l  point, Since the  primary variable w a s  

l iqu id  temperature, a study of the variation of equilibrium temperature 

with .changing. chauiber parameters was made before continuing with the 

droplet-history computations, The r e s u l t s  are shown i n  f igure 1 as re- 

duced temperatures, T ~ , ~ / T ~ ~ ~ ~ *  

pressure 

They are plot ted against 

and a l s o  the  r a t i o  of the t o t a l  press$e t o  PT 

sure of the liquid, PT/Pcrit, (reduced t o t a l  pressure ). 

7 

t he  t o t a l  aas 

t he  c r i t i c a l  pres- 

Figure 1 shows 
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I b,,at heptane requires a reduced total pressure from 1.78 to 2.30 for 

attainment of its critical point, depending on the value of 

product of the drop size 

gas. The sensitivity of equilibrium temperature to r AV increases with 

increasing liquid temperature, 

the critical temperature in which no solution of equilibrium temperatures 

exists. In contrast, oxygen reaches its critical point at a reduced 

total pressure of unity, and its equilibrium temperature is independent 

of r AV. 

to the critical temperatures, 

appearance of the critical-heating phenomenon can be explained by con- 

siderations of the heat- and mass-transfer rqtes at the droplet surface, 

These considerations are presented in appendix B. 

r AV, the 

and the velocity of the drop relative to the 

There is a region for heptane just below 

The curve of oxygen equilibrium temperatures extends essentially 

The trends displayed in figure 1 and the 

The equilibrium temperatures of oxygen presented herein are somewhat 

higher than those computed in reference 6 for liquid oxygen with gaseous 

heptane. mis is due mainly to use of a higher value for gas thermal con- 

ductivity in this paper, Gas properties were calculated herein with water 

vapor treated as a polar molecule. 

1800' R of experimental data for water vapor (refs, 16 and 17) gave a 

value of thermal conductivity very close to that calculated from the curve 

fit used in this study, 

because they have vapor pressures associated with them that are almost 

equal. to the respective chamber pressures. This indicates that the 

vaporization of oxygen droplets may possibly take plac 

ebullition. 

As a check, a lihear extrapolation to 

These higher oxygen temperatures are significant 

through surface 4l 
If this is so, a small pressure rarefaction interacting with 

8 
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the  droplet could produce violent boil ing tha t  might shat ter  the drop or, 

a t  leas t ,  release a surge of oxygen vapor, This phenomenon might be im-  

portant i n  in i t i a t ion  and support of combustion in s t ab i l i t y  i n  conibustors 

t ha t  employ l iquid oxygen, 

The calculations of equilibrium temperatures discussed previously 

determined the gas conditions tha t  a r e  required for a droplet t o  reach 

i t s  c r i t i c a l  point. These conditions may be found i n  high-pressure com- 

bustors such as rocket and diesel  engines. In  fac t ,  droplet-history 

calculations f o r  diesel-engine conditions have indicated tha t  l iqu id  

temperatures reach the c r i t i c a l  temperature (ref, 18). The examples of 

thermodynamic and t ra jec tory  his tor ies  presented i n  figures 2 and 3 il- 

lus t r a t e  the r a t e s  of heating of the droplets and allow some estimate t o  

be made of the importance of t h i s  phenomenon i n  a rocket-combustion model, 

Figures 2(a) and (b)  show histor ies  f o r  a 100-micron-radius heptane drop- 

l e t  vaporizing i n  a simulated rocket combustor, which operates at  a 

chamber pressure of1000 psia. Both plots  have the time a f t e r  inject ion and 

the distance downstream from the injector  plotted on the abscissa. 

Figure Z(a) shows droplet temperature and evaporation r a t e  as ordinates, 

Up t o  about 1 millisecond, the droplet behavior i s  similar t o  low pressure 

his tor ies ;  however, the droplet continues heating t o  the  c r i t i c a l  point 

with a simultaneous rapid r i s e  in vaporization rate.  Figure 2(b) shows 

tha t  the fract ion of the i n i t i a l  drop weight s t i l l  remaining a t  the  c r i t i c a l  

point i s  about 0.79. The droplet radius increases rapidly near the c r i t i c a l  

point as a r e su l t  of the rapidly decreasing l i q u i  

high vaporization rate,  

density and despite the f 
Figures 3(a) and (b)  depict the same parameters 

9 
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f o r  a 100-micron-radius oxygen droplet under ident ica l  boundary conditions 

as heptane i n  figure 2 except f o r  injection temperature. The trends are 

the same as fo r  heptane but more severe i n  this case. The droplet reaches 

the c r i t i c a l  point very rapidly, even before the  gas veloci ty  has equaled 

the droplet velocity. 

has evaporated a t  t h i s  t i m e .  

Less than 2 percent of the  i n i t i a l  droplet mass 

The resu l t s  of a l l  the  droplet-history calculations a re  expressed 

i n  figures 4 and 5. Figure 4 shows e i ther  the downstream distance where 

96 percent of t he  droplet i n i t i a l  mass is vaporized or  the location where 

the c r i t i c a l  point is  reached, whichever occurs first, against t o t a l  and 

reduced t o t a l  pressures. These distances a re  normalized for more con- 

venient plot t ing by dividing by the corresponding distance calculated f o r  

Values of xloo are  l i s t e d  i n  a t o t a l  gas pressure of 100 psia, x 

the  tab le  i n  the figure. The curves i n  the region from A t o  B show the 

lengths required t o  vaporize 96 percent of the i n i t i a l  droplet mass. 

The i n i t i a l  slopes of the curves from A t o  B indicate the  reduction i n  

vaporization length due t o  enhancement of the evaporation process by in- 

creasing pressure. 

slope, especially for  the oxygen curves. This indicates t ha t  the c r i t i c a l  

temperature is  being approached by the droplets, and the curves from B 

t o  D show the length required t o  reach the c r i t i c a l  point. The second 

inf lect ion i n  the  heptane curves at C occurs Secause the droplets have 

100' 

In  the region of B, there i s  a marked increase i n  

achieved the  

gas and drop 

the distance 

c r i t i c a l  temperature before the r e l a t ive  veloci ty  between 

has reached zero. The thickness of the shaded region shows 
+ o r  

spread drops of 10, 100, and 1000 microns i n i t i a l  radi i .  

10 
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Heptane shows a sensitivi%y to drop size below the point B. 

is due to the dependency of heptane droplet equilibrium temperature on 

as indicated by figure 1. 

This sensitivity 

r AV 

Figure 5 indicates the variation with total and reduced total pres- 

sures of the percent weight evaporated before the critical point is reached, 

When the total gas pressure equals the critical pressure, the oxygen curves 

show that only 5 percent of the droplet mass was evaporated before the 

critical temperature was reached. 

of initial droplet size. 

All curves are essentially independent 

These history calculations indicate that droplets evaporating in 

rocket-engine conditions at high chaIriber pressures will achieve the cri- 

tical point at relatively short chamber lengths before an appreciable 

amount of mass is evaporated. Accordingly, it must be concluded that the 

vaporization model describes only a initial part of liquid-propellant com- 

bustion under high pressure. 

liquid interface vanishes. 

gaseous environment might then be the rate-controlling step of the com- 

bustion process in the supercritical regime, Combustor design for high 

pressures should include the possibility of a change in the rate-controlling 

mechanism. 

propellant f l o w  density could also cause droplets to enter the super- 

critical regime, since chmer pressure is also increased in the process. 

When the critical point is reached, the 

niffusion of the propellant vapor into the 

Increasing the thrust level of existing hardware by raising 

Since the calculations have shown that liquid droplets can reach their 

critical temperatures, it is appropriate to reexamine some of the assump- 

tions originally made in the derivation of the equations. It should be 

11 
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emphasized that the theory used in these calculations breaks down very 

ne= the critical point, In the original derivation, unidirectional dif- 

fusion was assumed based on small regression rates of the liquid surface. 

These rates become higher near the critical point. The use of the em- 

pirical expressions for Nusselt nunibem may be questioned, since these 

expressions were developed for  droplets far from critical conditions. 

Some physical properties, especially the thermal conductivity and diffusion 

coefficient, are not accurately known near the critical point, and this 

uncertainty may affect these results. Droplet breakup was neglected, 

but near the critical point the surface tension of the liquid becomes 

very smal1,enhancing the possibility of breakup, 

pression used in the history calculations was determined for conditions 

far from the critical point. 

various rates involved and do not negate the possibility that the droplets 

can reach their critical points. 

The drag-coefficient ex- 

Nevertheless, these factors only affect the 

In view of the very high heating rates, a more serious assumption 

was that the temperature of the drop is always uniform throughout its 

interior due to internal mixing, 

only an outer "skin" of the droplet experiences the high heat fluxes, in- 

sulating the colder liquid core and allowing liquid droplets to exist at 

gas pressures and temperatures far above the critical conditions of the 

liquid, Reference 3 was cited as an observation of the internal motion 

required to produce a uniform droplet temperature, but the droplets in 

reference 3 were not surrounded by a flame front. In reference 19, it 

was observed that internal motion of burning droplets ceased soon after 

Absence of this mixing suggests that 

12 
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ignition, evidently because the surrounding conibustion zone isolated the 

droplets from the  external gaseous flow f ie ld ,  

t i o n  as the only heat-transfer mechanism, reference 19 indicated tha t  drops 

soon acquire re la t ive ly  uniform temperatures throughout t h e i r  in te r iors  as 

evaporation proceeds. Furthermore, the droplets i n  reference 19  were sus- 

pended i n  a natural  convection field.  

gas flows tha t  droplets experience i n  rocket conibustors and the internal  

l iqu id  motion tha t  the injection process must cause mkes the  existence of 

in te rna l  circulation seem highly probable, 

viscosi t ies ,  which makes in te rna l  f lu id  motion even more probable, With 

these considerations, the  model of uniform droplet temperature due t o  an 

effect ively i n f i n i t e  l iqu id  thermal conductivity seems more r e a l i s t i c  than 

one involving a large temperature gradient i n  the  droplet. 

model is thus used i n  t h i s  paper, 

t e r n a l  droplet temperatures under very high incident heat fluxes and i n  a 

var ie ty  of surrounding flow f i e l d s  can serve as a test  of this assumption. 

Nonetheless, with conduc- 

Consideration of the  severe external 

Heptane and oxygen have Low 

The former 

Only experimental measurements of in- 

Thus, despite these qualifications, it seem reasonable t o  assume 

that the  cri t ical-heating phenomenon described does occur a t  some high 

pressure. A t  best ,  these calculations based on present vaporization theory 

yield acceleration, heating, and evaporation ra tes  t h a t  describe droplet 

behavior a t  high pressures. A t  the  very worst, the computations define 

the upper area of application of normal vaporization theory and indicate 

t h a t  a vaporization model cannot be used as the sole  design c r i t e r i a  for  

extremely high-pressure corribustors. 

Cr i t i ca l  heating of droplets may a l so  be applicable t o  conibustion 

13  
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i n s t a b i l i t y  models a t  high pressures, 

droplet at a reduced chaniber pressure of 2,O with 

achieve an equilibrium temperature. A gas-velocity fluctuation of suf- 

f i c i e n t  magnitude t o  increase r AV above would induce heating of 

the  droplet, perhaps t o  the c r i t i c a l  point, with suf f ic ien t  t i m e  of 

action, 

perturbation is ref lected on figure 1 as an increase along the  abscissa, 

and the droplet temperature increases along a l i n e  of constant r AV t o  

the  c r i t i c a l  point, l%@m an estimate of heating ra tes  from figures 2(a) 

and 3(a), a 1000-cycle-per-second osc i l la t ion  with a root-mean-square pres- 

sure amplitude of 150 ps i  would have a high-pressure half cycle of adequate 

action t i m e  and strength t o  cause droplets smaller than a 100-micron r a a f ~ ~ ,  

t o  heat t o  the  c r i t i c a l  point from t h e i r  equilibrium temperature a t  700 p i a ,  

Lower frequencies with increased periods make this even more probable, 

Figure 1 indicates t ha t  a heptane 

r AV = 10 -4 could 

This is not the  case for oxygen. Similarly, a posi t ive pressure 

The preceding conditions postulate an average chamber pressure low 

enough t o  allow the  droplets t o  obtain an equilibrium temperature at  tha t  

pressure. 

ing the  high-pressure half  cycle of the oscil lation. 

conibustor operating at an instantaneous pressure always above the  value 

necessary f o r  the propellant droplets t o  heat t o  the  c r i t i c a l  point could 

experience t h i s  c r i t i c a l  heating over the  en t i re  pressure cycle. Some 

droplets will have normal lifetimes shorter than the period of t he  osc i l la -  

t ions,  and more of these droplets would reach the c r i t i c a l  point during 

the  half cycle when the  pressure and heating ra tes  are the highest, 

In  this case, heating t o  the  c r i t i c a l  point is only possible dur- 

On the  other hand, a 

1 4  
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Both the  velocity and pressure fluctuations would affect  only small 

t o  medium-sized droplets, 

radius would alg('readybe on the curve of high 

the large value of  rr A further increase i n  AV thus would not a f fec t  

Large heptane drops greater than about 100-micron 

r AV (fig.  1) because of 

the steady-state l iquid temperature. Also, a large drop of e i ther  pro- 

pellant has considerable thermal ine r t i a  with lower heating ra tes  and 

could not respond t o  an oscf l la t ing pressure wave, 

thus would tend t o  s h i f t  the propellant spray s ize  dis t r ibut ion by the 

The pressure wave 

heating of small drops t o  the c r i t i c a l  point, The temperature of small 

droplets would respond rapidly t o  the instantaneous pressure and would 

tend t o  reach the c r i t i c a l  point during the high-pressure portion of each 

oscil lation, The thermal ine r t i a  of the large drops would tend t o  average 

the f luctuat ing heating rate,and the i r  temperature would be r e l a t ive ly  un- 

affected over a single cycle. Since sprays generally contain a large 

nmiber of small drops, overall  evaporation ra tes  could v d y  widely w i t h  

time. 

If many droplets are  a t ta ining the c r i t i c a l  point, t he  mechanism f o r  

driving a wave under t h i s  condition may differ from the case where no 

c r i t i c a l  heating occurs. It i s  pointless a t  t h i s  time t o  attempt a de- 

t a i l e d  examination of the absolute effect  t h i s  c r i t i c a l  heating phenomena 

might have on the corribustion process. Too l i t t l e  i s  known about these 

processes at high pressure, The previous discussion only delineates the 

conditions under which the phenomena could occur and points out t ha t  a 

potent ia l  change i n  mechanism could exis t  in  t he  high-pressure regime. 

1 5  
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CONCLUSIONS 

The following conclusions maybe made as results of the calculations pye- 

sented herein, 

suf f ic ien t ly  high gas pressures. 

of application f a r  vaporization theory i n  the  design of high-pressure 

conibustors, and it could be  involved i n  conibustion-instability mechanisms 

a t  high pressures. 

t i on  of a new theory including equimolal counter diff'wion. 

work required t o  define t h i s  l i t t l e - k r p m  regime involves accurate evalua- 

t i on  of physical properties near the c r i t i c a l  point, studies of t he  e f fec t  

of pressure and gas veloci ty  perturbations on droplet evaporation r a t e s  

and temperature fluctuations at high mean gas pressures, determination of 

temperature gradients i n  droplets experiencing high incident heat fluxes, 

and experimental ver i f icat ion of the existence of t he  c r i t i c a l  heating 

phenomenon. 

Propellant droplets may heat t o  t h e i r  c r i t i c a l  points under 

This phenomenon defines the upper l i m i t  

A b e t t e r  def ini t ion of t h i s  process requires the  evolu- 

Some other 
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SYMBOLS 

specif ic  heat, Btu/( lb) ( ?R) 

d i f f i s iv i ty ,  ft /sec 

heat of vaporization, Btu/lb 

thermal conductivity, Btu/( ft) (sec)  (OR) 

natural  logarithm 

molecular weight, lb/lb-mole 

vapor pressure of l iquid a t  droplet surface, lb/f't2 

t o t a l  pressure of combustion gas, lb/f t2  

Prandtl Nwdber, (Cp  mb/&) 
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R 

Re 

r 

S C  

T 

T 

t 

U 

L,E 

ud 

uF 

nv 

w 

X 

100 X 

Z 

P 

c1 

gas constant, f t - lb/(  lb-mole) (OR) 

Reynolds number, ( 2rpm/ AVI /yn) 
droplet radius, f t  

Schmidt number, (IJ-mIDvPm) 

l iquid equilibrium temperature, 0 R 

temperature, OR 

t i m e ,  sec 

gas velocity, f t  / s  e c 

drop velocity, f t /sec 

f i n a l  gas velocity, f t / sec  

veloci ty  difference between gas and drop, u - Ud, f t /sec 

droplet weight, 1% 

distance downstream from injection, rt 

distance required t o  vaporize a drop under 100-psia pressure and 

a t  specffied conditions, f t  

heat-transfer factor  

density, 1b/ft3 

viscosity, II/( rt) (sec) 

Subscripts : 

c r i t  

G 

L 

m 

0 

T 

v 

cr i t icaL value f o r  l iquid 

gas value 

l iquid value 

mean value based on f i b  composition and/or temperature 

i n i t i a l  value 

gas value 

vapor value 
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APPENDIX A 

PROPERTY EQUATIONS FOR WATER VAPOR, 

RANGE 1800' R < Tm < 3800' R , - - 
= -1 ,427~10-~ Ti + L 4 x L l ~ I - o ' ~  Tm + 0.33575 cP, G 

kG = - 4 . 0 3 ~ l O ' ~ ~  T i  + 1,4674><10'8 Tm - 6.729~lO-~, 

058/T> 854), B tu / (  1%) ( %) 

Btu / (  ft) ( set) ( 
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APPENDIX B 

CONDITIONS CAUSING DROPLET CRITICAL €EATING 

Examination of equations (1) and (5) and consideration of the  pySidal 

process causing thermal equilibrium explain the  resu l t s  of f igure  1, 

three most important parameters i n  determining the equilibrium temperature 

a re  the heat of vaporization Hv, and the vapor pressure PL and t o t a l  

. A s  t he  l iquid temperature TL pressure PT contained i n  In 

increases, Hv decreases, and PL and pJ increase. For a con- 

s tan t  pressure and veloci ty  flow f i e l d  around the droplet, t he  mass- 

transfer rate dW/tit is roughly proportional t o  h(pTpF %) with K as 

a proportionali ty factor, 

surface is  proportional t o t h e  product of HV and dw/dt. 

The 

('TPT 'I) 

The enthalpy transferred away from t he  drop 

Consider three cases: ( I )  pT 5 pL, (11) pL < pT 5 Pcrit, and (111) 

PL 5 Parit < PT. Case I corresponds t o  f l a sh  vaporization. The equations 

of this paper do not describe t h i s  process, 

droplet f o r  cases I1 and 111 are  i l l u s t r a t ed  i n  figure 6, 

a constant incident heat f lux t o  the  droplet surface 

I n  case 11, the  droplet temperature r i s e s  t o  the steady-state temperature 

The general his tory of a 

For simplicity, 

&IN was assumed. 

TL,E9 where 

PT 

%N = QOUT = 5 
as close as necessary t o  

correspondingly, a very high 

come as lwge 8s  ~ecczm...~-~- 

is thus always assured, 

In  case 111, however, 

(dw/dt), Since pT 5 Pcrit, PL can approach 

give a very high d u e  of ~n PT 
(PT - PL)-". 

mass-transfer rate. Then QOUT 

to q u a i  %, and an equilibrium 

'T ' 'crit and t h e  mass-transfer 

19 
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rate has an 
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upper l i m i t  defined by Since the heat of 

vaporization Hv goes t o  zero a t  this point, t he  quantity QOm reaches 

a maximum a t  a short distance below Tcr i t  

*cr i t  

riumtemperature exists,, If the  maximum of &om is  exactly equal t o  

Q 

occurs at the m a x i m  If the  maximum of QOm is less than Q I ~  

(curve ( c ) ) ,  t h e  droplet continues heating the c r i t i c a l  point,, A s  PT in- 

creases, c m e  (a) is shif ted toward curve (c) .  

then decreases t o  zero a t  

If &om = Qm before t h i s  maximum occurs (curve (a ) ) ,  an equilib- 

(curve (b) ) ,  the  equilibrium temperature which i s  the highest obtainable, IN 

The preceding simplified model grossly describes the  behavior of drop- 

l e t  equilibrium temperatures. However, t he  physical properties, the  flow 

f i e l d  surrounding the drop, and the gas temperature can a l so  have an ef- 

fec t  on steady-state temperature, as indicated i n  equations (1) and (5)- 

For heptane, the property group (".r) contained i n  z i n  equation (5) 

varies i n  value f r o m  0-22 t o  2.2, and the  gradient of vapor pressure with 

l iqu id  temperature is not very steep compared t o  oxygen, 

small changes i n  TL do not cause large changes i n  h(pTp~, p). Coupled 

with an appreciable heat of vaporization (12 t o  30 Btu/lb) i n  the region 

1' t o  loo F below the  c r i t i c a l  point, t h i s  causes the maximum QOm, and 

hence the  equilibrium temperature,to occur about 7' R below the  c r i t i c a l  

temperature, 

The infp-ieiice of ii-mseit nuniber is  indicated by tne family of curves f o r  

heptane i n  figure 1, 

t o  6000° R causes a maximum increase of about 9' R i n  steady-state tempera- 

A s  a resul t ,  

It also allows other parameters t o  a f fec t  the  solution. 

y 

An increase i n  t o t a l  gas temperature from 4000° 

re required t o  reach the  c r i t i -  T U  t u re  and a 12-psi decrease i n  the t o t a l  p 

ca l  point. 
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In contrast, oqgen has a range in %&%' from 0 , O l  to 0.16, a ( k,R 1 

smaller heat of vaporization (2 to 15 Btu/lb) in the region 1' to 10' R 

below the critical temperature, a n d  a very steep gradient of vapor pressure 

with liquid temperature, 

where 

vapor pressure, This eliminates any effect of Nusselt nuniber, and one 

Thus, the steady-state temperature solution occurs 

is large and is changing rapidly with small changes in 

curve of equilibriumtemperaturessatisfies all values of r AV with solu- 

tions still existing very close to the critical temperature of the liquid. 

This behavior ia exhibited by oxygen in figure 1. Oxygen also shows only 

a tenth of a degree difference in equilibrium temperature when gas tempera- 

ture is varied from 4000' t o  6000' R, 

21 
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FIGURE LEGENDS 

Figure 1. - Effect of t o t a l  pressure on reduced droplet equilibrium 
temperature f o r  heptane and oxygen droplets, 
5000' R, 

G a s  temperature, 

(a) Reduced temperature and evaporation rake. 

(b) Weight r a t i o  and radius. 

Figure 2. - Heptane droplet history. I n i t i a l  droplet radius, 3.2808~lO'~ 
f t  (100 microns); gas pressure, 1000 ps i a j  gas temperature, 5000' R3 
f i n a l  gas velocity, 800 ft/sec; droplet inject ion velocity, 80 ft/sec; 
droplet inject ion temperature, 650° R. 

(a) Reduced temperature and evaporation rate. 

(B) Weight r a t i o  and radius. 

Figure 3, - Oxygen droplet history, I n i t i a l  droplet radius, 3.2808><10'4 
f t  (100 microns); gas pressure, 1000 psia; gas temperature, 5000' R; 
f i n a l  gas velocity, 800 f't/sec; droplet inject ion velocity, 80 f t / sec j  
droplet inject ion temperature, 1400 R, 

Figure 4, - Nomdized vaporization length of heptane and oxygen droplets, 
Final  gas velocity, 800 f%/sec; gas temperature, 5000° R; i n i t i a l  drop- 
l e t  velocity, 80 f t / s ec j  initial droplet temperaturer heptane, 650° R; 
oxygen, 140° R, 

Figure 5. - Percent weight vaporized before the  c r i t i c a l  point is  reached 
f o r  heptane and oxygen droplets, 
temperature, 5000' R; i n i t i a l  droplet velocity, 80 f t / s ec j  in i t ia l .  drop- 
l e t  temperatures: 

Final gas velocity, 800 f t / sec j  gas 

heptane, 650' R; oxygen 140° R. 

&I" QOTJT, Figure 6, - Variation of droplet heat and mass-transfer rates ( 
dW/dt) and heat of vaporization (Hv) with l iquid temperature, T,. 
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RATIO OF GAS PRESSURE TO CRITICAL PRESSURE 
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0 200 400 600 
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~~ 

0 400 800 
GAS PRESSURE FOR 

OXYGEN, P,, 
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Figure 1. - Effect of t o t a l  pressure on reduced droplet  equilibrium tempera- 
t u r e  f o r  heptane and oxygen droplet temperature, 5000' R .  
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temperature,  140° R.  
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